The aims of this study were (1) to evaluate the relationship between novel two-dimensional transthoracic indices of left atrial (LA) mechanical function (speckle-tracking-and tissue Doppler-derived parameters), conventional indices (A-wave peak velocity and velocity-time integral, and A ′ velocity), and transoesophageal echocardiographic parameters (LA appendage emptying velocity and spontaneous echocardiographic contrast); and (2) to assess to clinical feasibility of these novel transthoracic echocardiographic indices.
Introduction
The ability to accurately evaluate left atrial (LA) mechanical function remains an important but elusive goal for cardiac imaging. 1 Recent evidence has suggested that measurement of LA deformation (strain) by speckle-tracking echocardiography might have a promising role in the assessment of atrial function, 2 however, there is a notable paucity of studies validating this novel approach against a gold standard. Moreover, given the relative lack of experience using speckle-tracking on the left atrium, its robustness in clinical practice remains to be demonstrated.
The development of LA thrombus is an important clinical endpoint of impaired LA mechanical function that has well-established links with the LA appendage emptying velocity (LAAEV) and the presence of LA spontaneous echocardiographic contrast (LASEC) on transoesophageal echocardiography. 3, 4 The primary objective of the present study was therefore to compare novel two-dimensional transthoracic echocardiographic measures, including longitudinal speckle-tracking strain and longitudinal colour tissue Doppler indices of LA mechanical function, to LAAEV and LASEC. The secondary goal of this research was to evaluate the clinical feasibility of speckle-tracking-and tissue Doppler-derived measures by their inter-and intra-observer reproducibility and the time required to perform them. This study's principal hypotheses were that speckle-tracking-derived indices of LA function are significantly associated with LAAEV and LASEC, and that they are feasible to measure in clinical practice.
Methods

Patient population
The study cohort comprised 100 consecutive individuals from two university hospitals undergoing transthoracic and transoesophageal echocardiography for clinical indications, and for which they gave written informed consent. Exclusion criteria were valvular prostheses, and moderate or greater mitral valve disease. Echocardiography was performed in the fasting state with transthoracic and transoesophageal examinations performed in immediate succession. Offline analysis of the following routinely acquired data sets was undertaken as subsequently described.
Transoesophageal echocardiography
Following topical pharyngeal anaesthesia and intravenous sedation, the transoesophageal probe (Vivid E9 ultrasound machine using a 6Tc-RS probe, General Electric Vingmed, Horten, Norway) was positioned at mid-oesophageal level for measurement of LAAEV. The probe was angulated to permit the most parallel alignment for pulse-wave Doppler echocardiography with the LA appendage long-axis, and the sample volume was positioned 1 cm into the ostium of the appendage. 5 Two-dimensional grey-scale imaging of the LA cavity was performed with gain settings optimized. All data were stored digitally for offline analysis. Measurement of LAAEV was averaged over three consecutive cardiac cycles in sinus rhythm, and over at least 10 consecutive atrial beats in atrial fibrillation (AF). For the evaluation of LASEC, gain settings were standardized as previously described. 4 Gain was maximized initially such that noise artefact was seen, then decreased until the valves and myocardium could be visualized with no artefact. LASEC was quantified using a previously validated visual scale as ranging from grade 0 to 4 as follows: 4 (i) 0-absence of echogenicity (ii) 1-minimal echogenicity at normal gain settings detectable only transiently during the cardiac cycle (iii) 2-more dense swirling echogenic pattern detectable without increased gain settings in the LA appendage or sparsely distributed in the LA cavity (iv) 3-dense swirling pattern in the LA appendage with lesser intensity through the LA cavity, detectable throughout the cardiac cycle (v) 4-intense echodensity with very slow, swirling patterns in the LA appendage, usually with similar density in LA cavity.
Transthoracic echocardiography
Patients were imaged in the left lateral decubitus position using a commercially available system equipped with a 3.5-Mhz transducer (Vivid E9 Ultrasound and M5S-D probe, General Electric Vingmed, Horten, Norway). Routine grey-scale, pulse-wave, and tissue Doppler images of the left ventricle and left atrium were acquired from the apical views. Grey-scale imaging of the left atrium was undertaken in the 4-and 2-chamber apical views with sector width narrowed to achieve frame rates in excess of 50 fps, and with care taken to ensure non-foreshortening of the chamber. For tissue Doppler imaging of the left atrium, colour tissue Doppler was applied in the apical 4-and 2-chamber views at frame rates greater than 100 fps. Echocardiographic data were stored in digital format for offline analysis, which was performed using commercially available software (EchoPac BT-11, GE-Vingmed, Horten, Norway). Left ventricular and atrial volumes were estimated by Simpson's bi-plane method of discs. 6 The following conventional markers of LA function were evaluated: (1) transmitral A-wave peak velocity 7 and velocity -time integral were measured from pulse-wave Doppler echocardiography acquired at the mitral leaflet tips, and (2) peak A ′ velocity was measured from pulse-wave tissue Doppler imaging of the septal mitral annulus. 8 Among the novel indices of LA mechanical function evaluated, longitudinal LA speckle-tracking strain was measured by applying a speckle-tracking algorithm to the narrow-sector apical LA images ( Figure 1 ). The LA endocardium was manually demarcated and the tracking sector width minimized owing to the thinness of the LA myocardium. The cardiac cycle was demarcated by indicating QRS onset. Adequacy of LA deformational tracking by the software was evaluated, and the region-of-interest position adjusted to achieve optimal tracking as needed. Reservoir LA strain is uniformly positive by convention, and was recorded as the average of the peak values from the apical 4-and 2-chamber views ( Figure 1A ). This measurement thus represents the total distention of the left atrium during the cardiac cycle. In addition, using the mean of these two views, atrial strain rate was measured during ventricular systole (reservoir strain rate), early ventricular diastole (conduit strain rate), and late ventricular diastole (atrial contractile strain rate) by speckle-tracking ( Figure 1B) . The following approach was employed for distinguishing these different phases of atrial function: reservoir strain rate was measured as the peak positive value of strain rate within the first third of the cardiac cycle following QRS onset; conduit strain rate was measured as the most negative strain rate value immediately following the positive reservoir strain rate deflection, typically in the middle third of the cardiac cycle; and atrial contractile strain rate was measured as the most negative strain rate in the last third of the cardiac cycle, occurring between the electrocardiographic P-wave and the subsequent QRS complex. For patients in AF or atrial flutter, in whom P-waves are absent, atrial contractile strain rate was taken as the most negative strain rate value in the last third of the cardiac cycle, immediately prior to the QRS complex.
For offline colour tissue Doppler image analysis of the left atrium, regions of interest (10 × 2 mm) were placed superiorly in each wall in the apical 4-and 2-chamber projections 9 ( Figure 2 ). From these, longitudinal reservoir LA strain ( Figure 2A ), as well as reservoir, conduit, and atrial contractile strain rate ( Figure 2B) were measured as the mean of three cardiac cycles. As for speckle-tracking measurements, atrial contractile strain rate was taken as the most negative strain rate trough immediately prior to the QRS complex in patients in AF or atrial flutter.
Speckle-tracking strain of the left atrium Feasibility of these offline speckle-tracking and tissue Doppler LA measurements was evaluated by the combination of the following parameters: (1) the proportion of patients in whom measurement was not possible owing to image quality, (2) inter-and intra-observer variability, and (3) the time required to perform the measurements. Inter-observer variability was assessed in 20 randomly selected cases, in whom, a second observer (R.P.) repeated speckletracking and colour tissue Doppler measurements following a training period. For these cases, the time taken to perform the measurements was recorded using a stopwatch. To evaluate intra-observer variability, these same 20 cases were also remeasured by the initial observer (A.P.) after a period of at least 2 weeks.
Statistical analysis
Continuous variables are presented as mean + SD where normally distributed on visual inspection of their histograms, or median (interquartile range, IQR) otherwise. Comparisons of continuous variables were undertaken using the paired t-test, analysis of variance or the Kruskal -Wallis test as appropriate. Categorical variables are displayed as counts (percentage), and proportions were compared using Fisher's exact test. Relationships between continuous variables were evaluated by visual inspection of scatter plots, and quantified using linear regression of the native or transformed variables as appropriate. A post hoc analysis of the relationship between regional LA function, as measured by tissue Doppler imaging, and LAAEV was undertaken using the Chow test 10 with Simes' adjustment for multiple comparisons. RSr, reservoir strain rate; CSr, conduit strain rate; ASr, atrial contractile strain rate.
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Receiver-operating characteristic (ROC) curve analysis was undertaken to evaluate the ability of speckle-tracking and tissue Doppler-derived indices to predict the presence of moderate-severe LASEC in comparison with more routinely acquired parameters, namely LA volume, and atrial rhythm (fibrillation/flutter vs. sinus). Group comparison of the area under the ROC curve was performed using the approach of DeLong et al.
11 A-wave peak velocity and velocity-time integral, and A ′ velocity were not included in this analysis owing to the inability to reliably measure them in instances of atrial fibrillation/flutter.
Finally, inter-and intra-observer variability was assessed for speckle-tracking-and tissue Doppler-derived parameters by the method of Bland and Altman. 12 All statistical tests were two-sided and a P-value , 0.05 considered significant. Statistical analysis was performed with STATA 12.1 (Stata Corp, College Station, TX, USA).
Results
Patient characteristics
Patient characteristics are summarized in Table 1 . Typical indications for transoesophageal echocardiography included thrombus RSr, reservoir strain rate; CSr, conduit strain rate; ASr, atrial contractile strain rate.
Speckle-tracking strain of the left atrium exclusion pre-cardioversion for AF, work-up for transcatheter aortic valve implantation, prior to AF ablation, and rule-out of infective endocarditis or intra-cardiac source of embolism.
Feasibility of strain and strain rate imaging
Of the 100 patients studied, speckle-tracking strain and strain rate analysis were feasible in 98 (98%), while tissue Doppler strain and strain rate measurement was possible in 95 (95%) (P ¼ 0. Table 2 .
The time required to perform offline speckle-tracking analysis was significantly less than to perform offline tissue Doppler analysis (126 + 16 s per patient vs. 242 + 36 s per patient, P , 0.001).
Inter-and intra-observer variability
The biases and 95% limits of agreement for inter-and intra-observer agreement on speckle-tracking and tissue Doppler indices of LA function are presented in Table 3 . In cognisance of the observation that tissue Doppler-derived measures are 2-3-fold greater in magnitude than their speckle-tracking-derived counterparts, these results indicate comparable performance between tissue Doppler and speckle-tracking parameters. These results also suggest that among strain rate indices, conduit strain rate is the least reproducible, whether measured by speckletracking or tissue Doppler imaging. 
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Correlations with LAAEV
The strength of the correlations of various indices of LA function with LAAEV was assessed by Pearson's correlation coefficient; the square root transformation of LAAEV was found to achieve more normal distribution, and so was used for this analysis. The respective absolute r-values for speckle-tracking reservoir strain, and reservoir, conduit, and atrial contractile strain rate were 0.53 (P , 0.001), 0.40 (P , 0.001), 0. 
Relationship with LASEC
In total, 12 individuals (12%) exhibited moderate-severe LASEC. The comparison of areas-under-the ROC curve for speckletracking and tissue Doppler indices in the identification of moderate-severe LASEC is presented in Figure 3 . Given the lack of significant difference in conduit strain rate derived either by speckle-tracking or by tissue Doppler imaging between patients in sinus rhythm and atrial fibrillation/flutter, conduit strain rate was omitted for the comparative ROC analysis. Furthermore, owing to the limited feasibility of tissue Doppler atrial contractile strain rate, this too was omitted from the subsequent analysis. The ROC evaluation demonstrated greater discriminatory ability for speckle-tracking-derived reservoir LA strain, and reservoir and atrial contractile strain rate than tissue Doppler-derived parameters, LA volume, or the presence of atrial fibrillation/flutter (P , 0.001).
Discussion
The principal findings of this study are that, in a population of patients with a broad range of indications and LA function, both speckle-tracking-derived and tissue Doppler-derived reservoir strain and atrial contractile strain rate exhibit moderately strong correlation with LAAEV, however, the speckle-tracking-derived parameters were more predictive of moderate-severe LASEC, were more rapidly measured, and tended to exhibit superior technical feasibility.
Current approaches to the evaluation of LA deformation
While several non-invasive approaches to the assessment of LA mechanical function have been proposed, there is no accepted gold standard. This relates to the complexity of LA mechanical function, with its three phases, 1 to LA inter-dependence with leftventricular function, 13 and to the scarcity of hard outcome evidence with which to link these proposed indices. Indeed the best-established hard endpoint correlates are between transoesophageal echocardiographic parameters (LASEC and LAAEV) and LA thromboembolism. 3 Although measures such as A-wave peak velocity and A ′ velocity have been used previously as transthoracic echocardiographic indices of LA contractile function, their validation has been limited. 7, 8 Volumetric approaches to quantifying LA function have been adopted in recent research, 14 however, these measurements are time-consuming and require further calculation to generate the functional index. These features make such volumetric techniques less appealing in every day clinical practice. Speckle-tracking echocardiography has recently emerged as a promising means by which to measure myocardial deformation. 15 Applying this technique to a large cohort of patients, Hirose et al. 16 found that atrial contractile function was associated with the subsequent risk of developing AF. Among individuals undergoing AF ablation, Hammerstingl et al. 17 have demonstrated that LA speckle-tracking was able to identify those who would experience subsequent AF recurrence. In addition to speckle-tracking echocardiography for LA mechanical function assessment, LA myocardial deformation can also be evaluated by tissue Doppler techniques. The present study has sought to determine which transthoracic echocardiographic measure of LA deformation is most closely associated with LASEC and LAAEV. It has demonstrated that reservoir strain (expansive LA deformation) and atrial contractile strain rate, whether by speckle-tracking or tissue Doppler, are best correlated with LAAEV. The strength of these correlations was only observed to be moderate. This finding is unsurprising as LAAEV is most likely to be determined by local LA contractile forces, whereas the transthoracic echocardiographic parameters measured reflect more global LA deformation. Also, reservoir strain reflects LA stiffness, as the chamber fills passively during ventricular systole, rather than LA contractility. The current research has also shown that speckle-tracking-derived parameters are best able to distinguish the presence of moderate-severe LASEC. Taken together, and particularly in the absence of a true gold standard measure of LA mechanical function, the findings from this research argue that speckle-tracking approaches are a valid means of assessing LA deformation.
Incompletely resolved issues in the assessment of LA function
Of great importance in gaining clinical traction for these emerging approaches to assessment of LA function is their ability to forecast clinical events. Welles et al.
14 have recently found that LA function was predictive of heart failure hospitalization in patients with preserved left-ventricular ejection fraction. Antoni et al. 20 described patients following acute myocardial infarction. These authors demonstrated that LA strain by speckle-tracking is associated with earlier incidence of a composite endpoint of all-cause mortality and hospitalization for heart failure or re-infarction. Most recently, Cameli et al. 21 have shown among a relative unselected cohort of hospital patients over the age of 50 years that LA speckle-tracking reservoir strain is predictive of major adverse cardiovascular events. LA thromboembolism is another key outcome. The present study has compared these novel indices of LA function with LASEC and LAAEV, which in turn have been linked with LA thromboembolism, and which are regarded as the best imaging markers of LA function. 22 It is tempting to speculate given the observed association between speckle-tracking LA reservoir strain, atrial contractile strain rate, and LASEC and LAAEV, that these speckle-tracking-derived parameters might be predictive of future risk of thromboembolism. This postulate remains to be prospectively studied. In the present study, both speckle-tracking and tissue Doppler assessment could be performed in a large majority of patients, with the exception of tissue Doppler atrial contractile strain rate. The poor feasibility of this approach is a limitation to its general use. We did observe that most such cases were in atrial fibrillation or flutter. Whether it is an approach that may be more fruitful in patients in sinus rhythm should be investigated in ongoing research. The time constraints imposed by clinical workflow demand that not only should proposed indices of LA function provide information value, but also that they should be widely available and applicable, timely in their measurement, and reproducible. Both speckle-tracking and tissue Doppler approaches described are dependent on transthoracic echocardiographic image quality, which may be variable and a limiting factor in certain circumstances. The present study indicates that speckle-tracking evaluation of LA deformation can be taught to a naïve observer, who could then perform measurements rapidly and with acceptable reproducibility.
Clinical implications
This study has demonstrated the feasibility of assessment of LA mechanical function by measurement of deformation parameters using either speckle-tracking or tissue Doppler approaches. In particular, it suggests that evaluation of LA reservoir strain by speckletracking might have a role in clinical practice, owing to the speed with which it can be performed, its widespread applicability, and the evidence that it can act as surrogate for invasive indices of prognostic importance. While studies are emerging to indicate prognostic value for LA deformation imaging, additional research is required to determine first its role among a large range of echocardiographic measurements, and secondly how it might be used to influence clinical decision-making.
It must be highlighted that values of strain and strain rate are consistently higher when measured by tissue Doppler than by speckle-tracking, so that the two approaches to assessing myocardial deformation are not interchangeable. This observation is likely due in part to the greater temporal resolution of tissue Doppler techniques. Furthermore, if using tissue Doppler strain imaging as a surrogate for LAAEV, this study highlights the importance of regional LA function. Differences between segments in strain measurements have previously been described. 23 The finding that anterior LA tissue Doppler strain was more closely associated with LAAEV than septal or inferior values indicates that this measurement might provide closer transthoracic echocardiographic evaluation of LA appendage function than global strain or strain measurements from other LA sites. Such an observation is unsurprising given the anterior location of the LA appendage, however, this finding appears to be a novel one.
Limitations
This study was not powered to evaluate the ability of transthoracic echocardiographic measures to detect the presence of LA thrombus. LASEC as a comparator for the two-dimensional approaches tested is limited in that it is a semi-quantitative and subjective measure. Furthermore, significant LASEC was only present in a small minority of individuals, so the association between strain and strain rate measures with moderate-severe LASEC requires confirmation in larger numbers. Comparison with phasic LA volumetric approaches, in particular using 3-dimensional echocardiography, was not performed in this research.
